Predation is a major factor driving evolution, and the ability to defend against attackers is a key factor for the evolutionary success of most living organisms. As many defenses incur trade-offs and evolve in a cost-benefit framework, organisms are frequently selected to express only the level of defense that is necessary under the specific environmental conditions. Consequently, inducible defenses, which allow for flexible adjustment of behavioral, physiological or morphological adaptations, have been found to be widespread[@b1]. To avoid fitness losses resulting from over- or under-expression of defenses, prey face the problem to accurately assess their current predation risk. In recent years, many species have been shown to adjust their level of defense to the density of predators[@b1][@b2]. However, the individual predation risk does not only depend on the predator's density but also on the density of prey. A major reason is the dilution effect ('safety in numbers'), which also plays a key role in the evolution of grouping behavior[@b3][@b4]. The dilution effect is present whenever the number of prey a predator consumes per unit time is a saturating or decreasing function of prey density (e.g., if the functional response is of type II), and the number of predators is constant over the time-scale of interest (i.e., a high prey density does not attract relatively more predators). If these conditions are met, and if the defense is subject to a trade-off, prey should reduce their investment in defenses if their own density is high[@b5][@b6][@b7]. A similar response should also result if high prey density increases the costs of the defense, for example, when it correlates with resource depletion[@b8][@b9][@b10][@b11]. Such density-dependent benefits for prey have rarely been considered in studies of inducible defenses. Wiackowski & Starońska[@b12] found first evidence in experiments with ciliates but could not rule out that the results were influenced by food effects; Peacor[@b5] developed a theoretical model suggesting that these effects should occur; McCoy[@b13] and Van Buskirk *et al*.[@b14] found prey density effects on defense expression in amphibian tadpoles. However, so far it is not known whether prey density adjustment of defenses can be found in many taxa. Here, we tested the hypothesis that prey density influences the expression of inducible defenses in a wide range of organisms, in a study using six predator-prey systems with protozoan, rotifer and crustacean prey. In all six systems, this hypothesis was confirmed indicating that prey density-dependent adjustment of inducible defenses is a general principle.

Results
=======

Experiment 1: Effect of predator and prey density on defense expression
-----------------------------------------------------------------------

In all six predator-prey systems, the degree of defense formation increased with predator density, but decreased with prey (i.e., conspecifics) density ([Fig. 1](#f1){ref-type="fig"}). The effect of prey density was present at both, low and high, predator densities. Two-way ANOVA results are significant for predator and prey effects in all systems ([Fig. 1a--e](#f1){ref-type="fig"}; a) *D. pulex*: predator *p* = 0.001, prey *p* \< 0.001, interaction *p* = 0.563; b) *D. lumholtzi*: predator *p* \< 0.001, prey *p* \< 0.001, interaction *p* = 0.040; c) *D. longicephala*: predator *p* \< 0.001, prey *p* \< 0.001, interaction *p* = 0.791; d) *D. cucullata*: predator *p* \< 0.001, prey *p* \< 0.001, interaction *p* = 0.261; e) *C. kleini*: predator *p* \< 0.001, prey *p* \< 0.001, interaction *p* \< 0.01). In the *Brachionus calyciflorus* system ([Fig. 1f](#f1){ref-type="fig"}), the prey-density effect was tested only at a single predator density and was significant according to a Mann-Whitney U-test (*p* = 0.023). Thus, our study suggests that organisms are able to assess their individual predation risk based not only on predator density but also on prey density and to adjust their defenses accordingly.

Experiment 2a: Nature of the cue used by *D. lumholtzi*
-------------------------------------------------------

When reared at low density but in medium transferred from a high-density culture, *D. lumholtzi* showed a level of defense similar to the one observed in the high-density control (Tamhane pairwise comparison, *p* = 0.921) and significantly weaker than in the low-density control (Tamhane pairwise comparison, *p* \< 0.001). This shows that the daphniids measure conspecifics density via a chemical cue ([Fig. 2a](#f2){ref-type="fig"}).

Experiment 2b: Species-specificity of the cue used by *D. lumholtzi*
--------------------------------------------------------------------

When reared at low density together with a high density of *D. magna*, *D. lumholtzi* expressed a level of defense similar to the one observed at high conspecifics density (Tamhane pairwise comparison *p* = 0.545). In both of these treatments, the response was significantly weaker than at low conspecifics density without *D. magna* (Tamhane pairwise comparison, all *p* \< 0.001). Thus, *D. lumholtzi* reacted to chemical cues from *D. magna*, showing that these cues are not species-specific ([Fig. 2b](#f2){ref-type="fig"}).

Discussion
----------

We have shown that prey organisms from six predator-prey systems reduce the expression of morphological inducible defenses if their own population density is high. Similar results have also been reported in earlier studies of the ciliate *Euplotes octocarinatus*[@b12] and amphibian tadpoles of *Hyla chrysoscelis*[@b13] and *Rana temporaria*[@b14]. Together with these findings, the wide taxonomic range of our study organisms (covering protozoa, rotifers and crustaceans) suggests a general principle: Prey use information about the density of both predators and conspecifics to determine their investment in inducible defenses.

In our *Daphnia lumholtzi* system, we could further show that the response to prey density is triggered by a chemical cue released from conspecifics or congeners. In treatments with prey-specific chemical cues, mimicking a high prey density, the same density-dependent reduction of defenses was observed even under actually low prey densities. Thus, this response is independent of individual food supply.

It is possible that this cue is similar to the so-called 'crowding chemical', which at very high concentrations leads to life-history shifts and induces resting-egg production in *Daphnia*[@b15]. Nevertheless, none of these responses was observed in our experiments, probably because *Daphnia* densities were still relatively low.

What are the ultimate reasons for these prey density-dependent modifications of defense expression? -- With respect to the usual cost-benefit framework, our results suggest that prey density either increases the costs of the defense, decreases the benefit, or both. Distinguishing between these alternatives requires detailed quantitative knowledge about costs and benefits at various prey densities, which is generally not available. In the following, we will discuss our results in the light of published studies.

Density-dependent benefits for prey have rarely been considered in studies of inducible defenses (but see[@b5][@b12][@b13][@b14]), yet our data suggest that they are widespread. Since most predators (including those used in our study) have type II functional responses[@b16], which are saturating over the whole range of prey densities, this scenario is most likely a common phenomenon in nature. Furthermore, even type I functional responses[@b17] enter a saturating phase once prey density exceeds a threshold. Thus, measuring conspecifics' density can be seen as a part of the prey's predation-risk assessment[@b2][@b12][@b13][@b18].

Quantitative evidence for a density-dependent defense benefit can be obtained from the study by Jeschke and Tollrian[@b18], who measured functional responses of the phantom midge larvae *Chaoborus flavicans* (a relative of *C. obscuripes* used here) feeding on defended and undefended *Daphnia pulex*. They found that the individual predation risk of undefended daphnids decreased by more than 50% over the range of daphnid densities used in the present study, thus demonstrating the dilution effect. In addition, high densities reduced the relative advantage of defended over undefended daphnids (i.e., the ratio of survival probabilities), that is, the benefit of the defense was indeed density-dependent.

A model by Peacor (2003)[@b5] also predicts density-dependent reduction of defenses at high prey-densities, but for a slightly different reason than the one proposed here. The model considers situations where prey detect predators via alarm cues from injured or killed conspecifics (instead of predator kairomones). Here, the cue concentration is proportional to the number of actual predation events, and the individual predation risk associated with a given cue concentration decreases with prey density even if the predator's functional response is linear (i.e., in the absence of the dilution effect). Prey should then measure conspecifics density to correct for this effect. This mechanism might have some relevance in *Daphnia*, where alarm cues have been shown to contribute to defense induction (along with predator kairomones[@b19][@b20]), but cannot have played a role in our study, because we only used kairomones. The difference between the dilution effect and the alarm-cue effect has not always been clearly appreciated. For example, McCoy (2007)[@b13] purported to test Peacor's model, but used caged predators (releasing kairomones, not alarm-cues) and discussed his results in terms of the dilution effect.

It is worth noting that, if a high prey density attracts (or raises) a high number of attackers, individual predation risk may actually increase with conspecifics density. This is likely to be the case in plant-herbivore or host-parasite systems, where the risk of infestation often increases with density. Accordingly, several insect species have been shown to increase their investment in immunity under crowded conditions (so-called 'density-dependent prophylaxis'[@b21][@b22]).

Similarly, non-linear effects of predator density might have influenced the interaction effects in our study. We changed prey and predator density with the factor of ten. Thus, we could assume that the effect of a ten-fold higher predator density on individual predation risk is compensated by a ten-fold higher conspecific density. Indeed we found in 3 systems no significant interaction effects. In two systems however the interaction effects were significant. A possible explanation is that an increase in predator density is affecting predation risk in a nonlinear fashion.

Alternatively or in addition to being related to predation-risk assessment (and therefore, density-dependent benefits), reduced defense expression at high prey density might also be a consequence of density-dependent costs[@b10]. For example, induced defended *Daphnia* have increased vulnerability to parasites[@b23], and the associated disadvantage is likely to be more severe under crowded conditions, where infection risk is higher.

In many cases, costs are likely to increase with prey density if high density correlates with resource depletion. This seems particularly likely for allocation costs[@b24] or costs that reduce foraging efficiency and, hence, competitive ability[@b9][@b25][@b26] (see below). Accordingly, several studies have shown that direct measures of costs are larger under low-food than under high-food conditions (e.g.[@b8][@b9][@b10][@b11] or that organisms reduce their investment in defense under food limitation[@b8][@b27][@b28][@b29][@b30]). In our experiments, we aimed to exclude potential effects of resource depletion by providing unlimited food (or no food at all). This alone, however, does not rule out density-dependent costs as ultimate reason for our results, because prey perceiving a high conspecifics density might anticipate resource depletion in the future. How likely is this scenario? -- In *Colpidium kleini*, defended cells had their growth rate reduced by about 25% at high food concentration and by about 50% at low food concentration[@b11], which might suggest that costs are indeed resource-dependent. However, a pre-emptive response to future conditions seems unlikely in *Colpidium* due to its short generation time. Rotifers and *Daphnia*, in contrast, do indeed react to high conspecifics' densities in the so-called crowding response (see above), and this is generally interpreted as an adaptation to future habitat deterioration[@b15] (for a similar phenomenon in plants, see[@b31]). However, as noted above, none of the typical crowding effects were observed in our experiments, nor was any effect of prey density in the absence of predators. It is not even clear to what degree costs in these species depend on resource supply. In *Brachionus*, costs of elongated spines proved difficult to measure, and no clear picture emerges with respect to the effect of population density or food availability[@b32]. The large crest of induced *Daphnia longicephala* arguably incurs a significant allocation cost[@b33], which might be affected by resource availability. In other cases, allocation costs in *Daphnia* have proved difficult to find, and it is more likely that several different types of costs enter into the overall trade-off[@b34]. For example, in *Daphnia pulex*, defense formation is virtually unaffected by food limitation[@b28][@b35], which is a strong argument against density- or resource-dependent costs.

In summary, evidence for density-dependent costs as potential explanation is unlikely in our systems (even considering the possibility of prey anticipating food shortage), whereas density-dependent benefits (i.e., the dilution effect) are likely to be a general phenomenon. We therefore suggest that predation risk assessment plays an important role in the evolution of inducible defenses, and that it might be a general explanation for prey-density-dependent defense expression.

In addition to predator-induced defenses, several organisms have been shown to possess traits directly induced by the presence of competitors. Some of these traits are similar to inducible defenses and are mainly employed in interference competition, such as sweeper tentacles in corals[@b36] or spines in rotifers[@b32]. Others are traded off against investment in defense (e.g. in plants[@b29][@b31]). Yet others go into the opposite direction of predator-induced defenses. For example, wood frog tadpoles (*Rana sylvatica*) reduce foraging activity and develop deeper tails and shorter bodies in the presence of predators, whereas they develop the opposite suite of traits in the presence of competitors or under food limitation[@b30][@b37]. When both predators and competitors are present, predator-induced changes are strongest at low competitor density, whereas competitor-induced responses are strongest at low predator-density[@b25][@b26][@b30]. If competitors are conspecifics, the latter result can be seen as another example of density-dependent reduction of an inducible defense. The reason for this reduction seems to be a trade-off between predation resistance and competitive ability: In addition to their reduced activity, predator-induced tadpoles have smaller mouth parts[@b26] and shorter guts (reducing nutrient absorption)[@b25], which makes them less efficient foragers and, therefore, poor competitors. In terms of our above discussion, the reduced competitive ability is a density-dependent cost of the inducible defense. An important difference between this system and our study is, however, that we did not observe any phenotypic effects of conspecifics (i.e., intraspecific competitors) in the absence of predators, even though both rotifers[@b38] and *Daphnia*[@b15][@b39] are known to show life-history responses to strong crowding (see above). This suggests that the inducible defenses studied here do not involve a clear trade-off with competition.

We have here shown that prey use multiple sources of information to determine their investment in anti-predator defenses. In particular, defense expression increases with predator density and decreases with prey density. In the past, effects of prey density have often been ignored in studies of inducible defenses, and our results suggest that this may explain frequently observed and otherwise puzzling differences between the outcomes of different experiments (both within and between studies)[@b35]. Our study shows that, since conspecifics' density modifies the degree of defense formation, it needs to be carefully controlled in experiments.

Finally, density-dependent defense expression is likely to have important effects beyond the level of individual fitness, and responses to conspecifics' density should be incorporated into studies of trait-mediated indirect effects in population and community ecology[@b40][@b41].

Methods
=======

Study systems
-------------

We used six prey species with morphological inducible defenses that can be induced by predator chemicals (kairomones) and that can be accurately quantified: The ciliate *Colpidium kleini* changes from a cylindrical to a spherical shape in response to the predatory ciliate *Lembadion*[@b11]; the rotifer *Brachionus calyciflorus* develops posterolateral spines in the presence of the predatory rotifer *Asplanchna*[@b42]; the planktonic crustaceans *Daphnia cucullata* and *D. pulex* produce helmets and 'neck teeth', respectively, in response to larvae of the phantom midge *Chaoborus*[@b43][@b44] *D. longicephala* forms crests against the backswimmer *Notonecta*[@b45]; and *D. lumholtzi* develop high helmets in response to fish cues[@b46]. In all of these systems, the morphological traits have been shown to act as defenses. Their protective effect is correlated to the magnitude of trait expression, which in turn depends on the concentration of the kairomones and, hence, on predator density. Although the trait values used in our study show the magnitude of induction and are related to the protective effect, they are not a direct measure of the protective effect. The real protective effect would be influenced by absolute sizes and behavior. In all six systems, the morphological reaction norms (defense expression versus kairomone concentration) follow saturation curves (e.g.[@b47]). Finally, all predators in our study show type II (saturating) functional responses[@b1][@b17][@b18], such that higher prey density indeed reduces individual predation risk.

Design of experiments
---------------------

### Experiment 1: Effect of predator and prey density on defense expression

To investigate the effects of predator and prey density on the magnitude of defense formation, we used a two-by-two factorial design with two predator and two prey densities (except for the rotifer system, where we only tested a single predator density). We avoided potential pitfalls by only using kairomones for induction to preclude direct selection by predation, by adding antibiotics to prevent differential bacterial breakdown of the kairomones between prey density treatments, and by providing unlimited food concentrations to exclude any food (i.e., competition) effects (see below for a slightly different protocol used in the ciliate system). Preliminary experiments established that prey density had no effect on morphology in the absence of predators.

### Experiment 2a: Nature of the cue used by *D. lumholtzi*

We used the *D. lumholtzi* system to gain further insight into how prey measures the density of conspecifics. In principle, conspecifics' density could be measured via a chemical or mechanical cue[@b48]. To distinguish between these alternatives we again raised prey at two different densities (applying only the high kairomone concentration), and additionally, at low density but in (1 μm filtered) medium transferred from a high prey-density culture.

### Experiment 2b: Species-specificity of the cue used by *D. lumholtzi*

In situations where conspecifics density is low relative to the density of alternative prey species, it might be advantageous for prey to respond to the combined density of all prey species rather than to only that of its own species. To test for species-specificity of the inducing cue we again raised *Daphnia lumholtzi* in the high-predator treatment at low and high conspecific densities, as well as in a low conspecifics density but together with *Daphnia magna* at a high density.

Experimental procedures
-----------------------

### Origin of cultures

*Daphnia cucullata* used in our experiments originated from Lake Thalersee (Bavaria, Germany), *D. pulex* from a pond in Canada, *D. longicephala* from Lara pond (Australia), and *D. lumholtzi* from Fairfield reservoir (Texas, USA). Cultures of *Colpidium kleini* and *Lembadium bullinum* originated from Poland. *Brachionus rubens* and *Asplanchna brightwelli* were isolated from a pond near Ismanning (Bavaria, Germany). All prey organisms coexist in their native habitat with the types of predators employed in our study.

### Experimental conditions

All experiments were conducted with adequate, naturally occurring prey concentrations (see below). We had verified in control experiments that the prey densities and food effects alone did not induce defenses. To avoid possible influences of food concentrations on defense induction, we fed all prey organisms at non-limiting food concentrations (e.g., *Daphnia cucullata* and *D. pulex* at 1.5, *D. lumholtzi* and *D. longicephala* at 2.5 and rotifers at 1 mg C/L of *Scenedesmus obliquus*) or, in the ciliate system, we did not provide any food at all. All treatments were replicated 10 times, unless stated otherwise. Prior experiments, in which food amount was proportional to prey density, yielded qualitatively similar results. Unless otherwise specified, all experiments were conducted in artificial medium[@b47] to exclude natural chemical signals, at 20 ± 0.5 °C in a temperature-controlled room under fluorescent light (16:8 light-dark photoperiod).

### Kairomones

In the *Daphnia* and rotifer experiments, we used predator kairomones (as opposed to direct contact with predators) for inducing prey defenses, in order to prevent any density-dependent direct selection from predation. To provide constant quality, kairomones were prepared prior to the experiments (by rearing high numbers of predators for 24 h in medium), 0.45-μm filtered, pooled, frozen at −20 ° C in portions for each day, and diluted for use in the experiments. Based on dose-response curves, kairomone concentrations were chosen such that the low concentration induced a weak but significant induction and the high concentration was close to the plateau of the reaction norm. This enabled us to detect response modifications under both conditions. As it is unavoidable in most lab experiments with kairomones, the simulated predator densities were higher than under natural conditions[@b1]. During experiments, half of the medium was replaced daily to provide constant kairomone and relatively constant conspecific concentrations. Because a higher Daphnia density could lead to a higher bacteria concentration we added in all systems, the antibiotic ampicillin (10 mg/L; Roth, Germany) to avoid possible density-dependent breakdown of the kairomones, after test experiments had proven that the organisms and the induction are not affected.

*Daphnia* experiments
---------------------

In all *Daphnia* systems, we started with a single mother and reared age-synchronized cohorts to obtain experimental mothers. The mothers were transferred to the treatments when they carried their first brood, and their third brood (in the treatment) was used for the experiments. Thus, the complete development of the experimental animals took place in the specific treatment. Experimental animals were selected randomly within the treatments.

In the *D. lumholtzi* system, we reared 1 *Daphnia* in 200 mL medium for the low and 10 daphnids for the high prey-density treatment. *Daphnia* were measured when they reached maturity. Fish kairomone concentration was added at a concentration of 1 stickleback (*Gasterosteus aculeatus*, 3.5 cm)/(L × day) in the high and 0.05 stickleback/(L × day) in the low-predator treatment.

For the experiments displayed in [Fig. 2](#f2){ref-type="fig"} (nature and specificity of the cue used by *D. lumholtzi*), we produced new batches of kairomone and only used the high kairomone concentration. For [Fig. 2a](#f2){ref-type="fig"} (chemical vs. mechanical cue), we first repeated the experiments as described above with both high and low prey densities (the high-density treatment had only 9 replicates). Additionally, we placed *D. lumholtzi* at low density into 1-μm filtered medium from a high-density culture, allowing only chemical cues to act. For [Fig. 2b](#f2){ref-type="fig"} (species-specificity of the cue), we again repeated the high and low prey-density experiments, and additionally placed *D. lumholtzi* at low density together with a high density of *D. magna* (1 *D. lumholtzi* reared together with 9 *D. magna*).

In the *D. pulex* system, we reared 2 daphnids in 200 mL medium for the low and 20 for the high prey density. We measured and scored individual neck teeth in the second juvenile stage, when defense formation is strongest in this clone[@b47]. As the *Chaoborus flavicans* larvae were just in the second stage and very small compared to fourth instar larvae, we used kairomone concentrations corresponding to 20 larvae/(L × day) in the low and 200/(L × day) in the high predator treatment.

In the *D. longicephala* system, we reared 1 *Daphnia* in 250 mL medium for the low and 10 for the high prey density treatment. Kairomone concentrations corresponded to 0.75 *Notonecta glauca*/(L × day) in the high and 0.075 *N. glauca*/(L × day) in the low predator density treatment.

For the small *D. cucullata*, we used 10 individuals in 200 mL medium as low and 25 individuals as high prey concentration. The *Chaoborus flavicans* kairomone concentration was 10 fourth-instar larvae/(L × day) for the low and 25/(L × day) for the high-density treatment.

The reason we used different prey densities across the Daphnia experiments was an attempt to account for the size differences between the various species.

Rotifer experiments
-------------------

The rotifer experiments were conducted in 2 mL microtiter plates (which allowed exact control over the predator and prey densities) in an incubator at 15 °C in the dark. The low prey density was 2 *Brachionus* (34 replicates), the high density 20 *Brachionus* (10 replicates). We used *Asplanchna* kairomone in a concentration that had induced intermediate spines in preliminary experiments. Because defenses in *B. calyciflorus* are induced via the mother generation[@b42], we reared F0- and F1-generations under experimental conditions and measured the F1-generation at the age of 5 days.

Protozoa experiments
--------------------

Induction of *Colpidium kleini* by *Lembadion bullinum* was studied with two prey densities (200 and 2000 per mL) and two predator densities (20 and 200 per mL) in 10 mL medium at 20 °C in the dark (5 replicates per treatment). Although it is possible to induce *Colpidium* with *Lembadion*-conditioned medium[@b49], the resulting transformation is weak. Therefore, we kept both species in direct contact to each other. To minimize predation, *Lembadion* were starved for several days before the experiment. This resulted in extremely small cells, which were poorly able to ingest their prey, and based on observed feeding rates, it can be excluded that the reported effects have been caused by selective predation. No food was offered to *Colpidium* during the experiments[@b12]. The experimental animals were fixed with glutaraldehyde after 48 h. Lengths and widths of *Colpidium* were measured, and the ratio was used as an index of the degree of defense.

Measurements and analysis
-------------------------

All measurements were conducted using a digital image analysis system (AnalySIS, Soft Imaging Systems, Münster, Germany). Statistics were calculated with SPSS (V11.5). Ratio values were arcsin square root transformed or log transformed (ciliates) before analysis. After transformation, all data, except those from the rotifer experiment, followed a normal distribution with homogeneous variances. The rotifer experiment was, therefore, analyzed with a non-parametric Mann Whitney U-test. All other results were analyzed by means of two-way ANOVAs with the factors prey density and predator density.
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![Expression of inducible defenses increases with predator density (kairomone concentration) and decreases with prey density.\
The plots show treatment means ± SD of relative defense expression (trait value divided by body length) or, in *Daphnia pulex*, of a score of neckteeth formation. Two-way ANOVA results are significant for predator and prey effects in all systems (all *p* ≤ 0.001). In the *Brachionus calyciflorus* system, the prey density effect was tested only at a single predator density and analyzed with a Mann-Whitney U-test (*p* = 0.023).](srep12736-f1){#f1}

![Nature and specificity of the cue for the prey-density effect in *Daphnia lumholtzi*.\
(**a**) Information about prey density is transmitted via a chemical cue. Medium from conspecifics in a high density added to a low prey density reduced the induction to a level not significantly different from that in the high-density treatment (Tamhane pairwise comparison, *p* = 0.921). The low prey-density treatment differs significantly from both other treatments (Tamhane pairwise comparison, all *p* \< 0.001). (**b**) The chemical cue is not species specific. One *D. lumholtzi* reared together with 9 *D. magna* reduced the defense induction to a level not significantly different from the high-density treatment (10 conspecifics, Tamhane pairwise comparison, *p* = 0.545). The low-density treatment differed significantly from both other treatments (Tamhane pairwise comparison, all *p* \< 0.001). Shown are treatment means ± SD.](srep12736-f2){#f2}
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